Genetic variations in DNA repair genes are thought to modulate DNA repair capacity and are suggested to be related to lung cancer risk. We conducted a meta-analysis of epidemiologic studies on the association between genetic polymorphisms in both base excision repair and nucleotide excision repair pathways, and lung cancer. We found xeroderma pigmentosum complementation group A (XPA) G23A (odds ratio (OR) = 0.76, 95% confidence interval (CI) = 0.61-0.94), 8-oxoguanine DNA glycosylase 1 (OGG1) Ser326Cys (OR = 1.22, 95% CI = 1.02-1.45), and excision repair cross-complementing group 2 (ERCC2) Lys751Gln (OR = 1.27, 95% CI = 1.10-1.46) polymorphisms were associated with lung cancer risk. Considering the data available, it can be conjectured that if there is any risk association between a single SNP and lung cancer, the risk fluctuation will probably be minimal. Advances in the identification of new polymorphisms and in high-throughput genotyping techniques will facilitate the analysis of multiple genes in multiple DNA repair pathways. Therefore, it is likely that the defining feature of future epidemiologic studies will be the simultaneous analysis of large samples of cases and controls.
Introduction
Sporadic cancer is a multifactorial disease that results from complex interactions between many genetic and environmental factors [1] . This means that there will not be a single gene or single environmental factor that has large effects on cancer susceptibility. Environmental factors (e.g., tobacco smoke, dietary factors, infectious agents, and radiation) add to the carcinogenic load to which humans are exposed, but exact numbers for added risk are generally less well established.
Cigarette smoke contains several thousand chemicals that are known to chemically modify DNA [2] and lead to the formation of mutations [3] . Most of these compounds are procarcinogens that must be activated by Phase I enzymes, such as cytochrome P450s. All activated carcinogens can bind to DNA and form DNA adducts that are capable of inducing mutations and initiating carcinogenesis. The capacity to repair DNA damage induced by activated carcinogens appears to be one of the host factors that may influence lung cancer risk. A critical cellular response that counteracts the carcinogenic effects of DNA damage is DNA repair.
Several studies have investigated whether reduced DNA repair capacity (DRC) is associated with an increased risk of cancer [4] . The reduced DRC of benzo(a)pyrene-7,8-diol-9,10-epoxide (an active form of benzo(a)pyrene)-DNA adducts is associated with an increased risk of lung cancer (2.1-fold, 95% confidence interval (CI) = 1.5-3.0) [5] . The reduced DRC has been shown to be associated with a 5.7-fold (95% CI = 2.1-15.7) increased risk of developing lung cancer [6] . Likewise, the reduced DRC of bleomycin-induced damage was found to be associated with an increased risk of lung cancer [7] . These studies suggested that a low DRC of various DNA repair mechanisms predisposes individuals to 2 Journal of Nucleic Acids lung cancer, and this realization prompted us to search for defined DNA repair activities that may be risk factors for lung cancer. Polymorphisms in DNA repair genes may be associated with differences in the DRC of DNA damage and may influence an individual's risk of lung cancer, because the variant genotype in those polymorphisms might destroy or alter repair function.
At least four pathways of DNA repair operate on specific types of damaged DNA. Base excision repair (BER) operates on small lesions, while the nucleotide excision repair (NER) pathway repairs bulk lesions. Mismatch repair corrects replication errors. Double-strand DNA break repair (DSBR) actually consists of two pathways, homologous recombination (HR) and nonhomologous end-joining (NHEJ). The NHEJ repair pathway involves direct ligation of the two double strand break ends, while HR is a process by which double-strand DNA breaks are repaired through the alignment of homologous sequences of DNA. The following sections review the literature on DNA repair genes in more detail, specifically those involved in the NER and BER pathways.
It is believed that the predominant pathway used for removal of oxidized and many of the alkylated bases is BER. The process of BER is initiated by DNA glycosylases [e.g., 8-oxoguanine DNA glycosylase 1 (OGG1), endonuclease III homolog 1, thymine glycol-DNA-glycosylase], which are often promiscuous as far as their substrate specificity is concerned. The BER pathway can proceed through two different subpathways: short-patch and long-patch BER. These pathways are differentiated by the enzymes involved and the number of nucleotides removed. Short-patch BER replaces a single nucleotide by polymerase β and the newly synthesized DNA sealed by DNA ligase III/X-ray crosscomplementing group 1 (XRCC1) heterodimer [8] . Longpatch BER inserts 2-13 nucleotides by concordant action of polymerase δ, proliferating cell nuclear antigen, flap endonuclease 1, and ligase I.
NER is a versatile DNA repair system that removes a wide range of DNA lesions including UV-induced lesions. There are two subpathways in NER. One is transcriptioncoupled DNA repair (TCR), which preferentially removes DNA damage that blocks ongoing transcription in the transcribed DNA strand of active genes. The other is global genome repair (GGR), which removes lesions throughout the genome, including those from the nontranscribed strand in the active gene [9] . Three rare, autosomal recessive inherited human disorders are associated with impaired NER activity: XP, CS, and trichothiodystrophy (TTD) [10] . XP has been studied most extensively. Seven different DNA NER genes, which correct seven distinct genetic XP complementation groups (XPA, XPB (excision repair cross-complementing group 3 
, ERCC3), XPC, XPD (ERCC2), XPE, XPF (ERCC4)
and XPG (ERCC5, this gene causes CS)) and XPV have been identified [10] . XPA, ERCC3/XPB, ERCC2/XPD, ERCC4/XPF and ERCC5/XPG have a defect in TCR and GGR, while XPC and XPE have a defect in GGR only. ERCC6 and ERCC8 are also known as CS type B (CSB) and CSA, respectively.
The aim of this article is to review and evaluate associations between genes in the BER and NER pathways, focusing on genetic polymorphisms in OGG1, XRCC1, XPA, and ERCC2 genes, which have been reported a sufficient number of studies to conduct a meta-analysis. The details of the OGG1, XRCC1, XPA, and ERCC2 genes are given in Table 1 2. Materials and Methods
Identification and Eligibility of Relevant Studies.
We conducted MEDLINE, Current Contents, and Web of Science searches using "OGG1", "XRCC1", "XPA", "ERCC2/XPD", "lung cancer", and "polymorphism" as keywords to search for papers published (from January 1, 1966 through December 31, 2009). Additional articles were identified through the references cited in the first series of articles selected. Articles included in the meta-analysis were in English language, with human subjects. Case-control studies were eligible if they had determined the distribution of the relevant genotypes in lung cancer cases and in concurrent controls using a molecular method for genotyping. For overlapping studies, only the first published one was selected. Using the MEDLINE database, we identified 18 genetic epidemiological studies that provided information on lung cancer occurrence associated with the OGG1 Ser326Cys polymorphism. Also, we identified 22 studies of the XRCC1 Arg399Gln polymorphism, 12 studies of XRCC1 Arg194Trp polymorphism, and 10 studies of the XRCC1 Arg280 His polymorphism. As for NER polymorphisms, we identified 6 studies for the XPA G23A polymorphism, 16 studies for the Asp312Asn polymorphism, and 19 studies for the Lys751Gln polymorphism. No additional articles through Current Contents or Web of Science have been identified.
Data Extraction and Assessment of Study Quality.
For each study, characteristics such as authors, year of publication, ethnic group of the study population, source of control population, number of genotyped cases and controls, crude odds ratio (OR), and the method for quality control of genotyping were noted. For studies including subjects of different ethnic groups, data were extracted separately for each ethnic group whenever possible.
Methods for defining study quality in genetic studies are more clearly delineated than those for observational studies. We combined only studies with allelic frequencies being in Hardy-Weinberg equilibrium (HWE) (Pearson χ 2 test, P ≥ .05) because departure from HWE can imply the presence of genotyping error, possible ethnic admixture in the population, or selection bias (lack of representativeness of the general population). We assessed the homogeneity of the study population (Caucasian or Asian).
2.3.
Meta-Analysis. Data were combined using both a fixed effects (the inverse variance-weighted method) and a random effects (DerSimonian and Laird method) models [11] . The Cochran Q statistics test is used for the assessment of heterogeneity. The fixed effects model is used when the effects are assumed to be homogenous, while the random effects model is used when they are heterogenous. The 312Asn and 751Gln alleles are reported to be associated with lower DNA repair capacity
In the absence of between-study heterogeneity, the two methods provide identical results. The presence of heterogeneity can result from differences in the selection of controls, age distribution, prevalence of lifestyle factors, histological type of lung cancer, stage of lung cancer, and so on. The random effects model incorporates an estimate of the between-study variance and tends to provide wider CIs when the results of the constituent studies differ among themselves. As the random effects model is more appropriate when heterogeneity is present [11] , the summary OR and prevalence were essentially based on the random effects model. The meta-analyses were performed on crude ORs, since the adjusted ORs were not comparable because of the inclusion of different covariates in the multivariate regression models. Using individuals with the homozygous common genotype as the reference group, we calculated ORs for individuals with the heterozygous genotype and homozygous rare genotype separately whenever possible (information available in at least two studies). In some cases, we combined the heterozygous genotype with the homozygous rare genotype due to a low prevalence of the rare allele in several polymorphisms. The Q statistic was considered significant for P < .10 [12, 13] . Publication bias is always a concern in meta-analysis. 
Results

OGG1 Ser326Cys
Polymorphism. Table 2 shows the individual ORs from each study and summary ORs of the OGG1 Ser326Cys polymorphism [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Two studies [24, 26] A further analysis on histological type was performed to assess whether the impact of the OGG1 Ser326Cys polymorphism between adenocarcinoma and squamous cell carcinoma cases (the two histological types present most often in the data set) was similar or not. Among the seven case-control studies (2,052 lung cancer cases and 3,032 controls), the summary OR for the Cys/Cys genotype in adenocarcinoma was 1.38 (95% CI = 1.12-1.75) (data not shown). Among both Caucasians (612 cases and 2,618 controls) [17, 22, 25] and Asians (1,440 cases and 864 controls) [16, 19, 28, 32] , subjects with the Cys/Cys genotype were at increased risk of adenocarcinoma. Summary ORs for Caucasians and Asians were 1.90 (95% CI = 0.99-3.63, P = .054) ad 1.30 (95% CI=1.00-1.29, P = .049), respectively (data not shown). It was found that increased risk associated with the Cys/Cys genotype was not evident for squamous cell lung cancer risk among Caucasians [17, 22, 25] . The available data on squamous cell carcinoma are insufficient for Asians. Table 3 shows that summary ORs of the XRCC1 Arg399Gln polymorphism on the basis of 8,684 cases and 10,913 controls [23, 25-27, 30, 33-49] . The summary OR for the 339Gln/Gln genotype among 24 different ethnic populations was 1.00 (95% CI = 0.86-1.17). The Cochran Q test for heterogeneity showed a statistical A further analysis on histological type (adenocarcinoma and squamous cell carcinoma) was carried out. Although available data were not sufficient, there were no statistically significant differences in risk associated with the XRCC1 Arg399Gln polymorphism and adenocarcinoma or squamous cell both Caucasians and Asians [25, 38, 42, 44, 45, 49] . [49] was excluded from the meta-analysis because allelic frequency in control population is not in HWE. Based on 11 studies in 13 different ethnic populations on the basis of 4,431 cases and 6,320 controls, the summary ORs for the Arg/Trp genotype and Trp/Trp genotype were 0.89 (95% CI = 0.79-1.00, P = .047) and 1.15 (95% CI = 0.80-1.67), respectively. The ORs for the Trp/Trp genotype were 1.24 (95% CI = 0.50-3.11) in Caucasians and 1.18 (95% CI = 0.72-1.93) in Asians. This polymorphism was not associated with lung cancer risk among both Caucasians and Asians. Evidence for heterogeneity and publication bias was absent in any analysis. Table 5 shows summary ORs of the XRCC1 Arg280His polymorphism [23, 25, 26, 30, 33, 34, 39, [45] [46] [47] . One study [26] was excluded from the meta-analysis because genotype distribution in control population does not fulfill HWE. The summary OR for the Arg/His versus the Arg/Arg genotype among 9 studies on the basis of 4,030 cases and 4,532 controls was 0.96 (95% CI = 0.83-1.11). The summary OR for the Arg/His and His/His genotypes combined versus the Arg/Arg genotype was 0.99 (95% CI = 0.83-1.19). The summary ORs for the Arg/His and His/His genotypes combined versus the Arg/Arg genotype in Caucasians and Asians were 0.96 (95% CI = 0.80-1.17) and 1.10 (95% CI = 0.66-1.84), respectively. There was no ethnic difference in the association between lung cancer risk and the XRCC1 Arg280His polymorphism. Evidence for heterogeneity and publication bias was absent in subgroup analyses by ethnic.
XRCC1 Polymorphism.
3.3. XPA G23A Polymorphism. Table 6 shows summary ORs of the XPA G23A polymorphism on the basis of 2,025 cases and 1,991 controls [26, 30, 42, [50] [51] [52] . SNP alleles with higher frequencies are more likely to be ancestral than less frequently occurring alleles although there may be some 8 Journal of Nucleic Acids exceptions. As the 23G allele was more prevalent than the 23A allele [53] , we regarded the 23G allele as ancestral (wildtype or major) allele for descriptive purposes (the XPA 23 polymorphism caused by the G-to-A substitution is the XPA G23A polymorphism). Summary ORs for the G/A genotype and G/G genotype among 6 studies in 8 populations were 0.74 (95% CI = 0.61-0.90) and 0.76 (95% CI = 0.61-0.94), respectively (Table 6, Figure 1) . Among Caucasian studies, the summary ORs for the G/A genotype and the A/A genotype were 0.73 (95% CI = 0.59-0.90) and 0.83 (95% CI = 0.64-1.08), respectively. The Cochran Q test for heterogeneity did not show a statistical significance. The Egger's test was statistically significant for publication bias in a subgroup analysis of Caucasians (P = .024, G/A genotype versus G/G genotype). [26] was excluded from the meta-analysis because genotype distribution in control population significantly deviates from HWE. Based on 6,941 cases and 8,595 controls, summary ORs for the Gln/Gln genotype and Lys/Gln genotype were 1.09 (95% CI = 1.04-1.18) and 1.27 (95% CI = 1.10-1.46), respectively. The Gln/Gln genotype was significantly associated with an increased risk of lung cancer in Caucasians (OR = 1.24, 95% CI = 1.06-1.45) (Figure 2 ) but not in Asians (OR = 1.16, 95% CI = 0.48-2.80). The Cochran Q test for heterogeneity showed a statistical significance among Asian studies. Evidence of publication bias was absent in all of the analyses. 
ERCC2/XPD Polymorphism.
Discussion
Epidemiological studies of common polymorphisms in DNA repair genes, if large and unbiased, can provide insight into the in vivo relationships between DNA repair genes and lung cancer risk. Such studies may identify empirical associations which indicate that a polymorphism in a gene of interest has an impact on lung cancer, independent of metabolic regulatory mechanisms and other genetic and environmental variability. Findings from epidemiological studies can complement in vitro analyses of the various polymorphisms, genes, and pathways. In addition, epidemiological studies of common polymorphisms can lead to an increased understanding of the public health dimension of DNA-repair variation.
We conducted a systematic literature review to evaluate the associations between sequence variants in DNA repair genes and lung cancer risk. We found an increased risk of lung cancer among subjects carrying the ERCC2 751 Gln/Gln genotype in Caucasians (OR = 1.24, 95% CI = 1.06-1.45). The meta-analysis by Hu et al., showed that the Gln/Gln genotype had a significant 23% (95% CI = 3%-47%) increased risk of lung cancer compared with individuals with the Lys/Lys genotype among Caucasians [66] . The meta-analysis by Benhamou and Sarasin reported that the summary OR for the Gln/Gln genotype was 1.25 (95% CI = 1.03-1.52) in the United States (stratified by geographic region) [67] . Both of the meta-analyses were based on the same published data from 8 individual case-control (five Caucasian and three Asians) studies [37, 39, 55-58, 64, 65]. These meta-analyses also indicate that the excess lung cancer risk from the Gln/Gln genotype may be about 20%. The Gln allele of the ERCC2 Lys751Gln polymorphism is associated with a higher DNA adduct level or lower DNA repair efficiency [56, 68, 69] , except in research published by Duell et al., who found no correlation between the ERCC2 Lys751 Gln polymorphism and the level of polyphenol-DNA adducts in human blood samples [70] . Thus, it is biologically plausible that subjects with the Gln/Gln genotype are at increased risk of lung cancer. As with the two meta-analyses, in our metaanalysis the Gln/Gln genotype was not associated with an increased risk of lung cancer among Asians. The Cochran Q test for heterogeneity showed a statistical significance among Asian studies. The presence of heterogeneity may compromise the interpretation of meta-analyses and result in erroneous and potentially misleading conclusions [71, 72] . The presence of significant heterogeneity suggests that the estimated OR in each study is not homogeneous and the estimated ORs are close to 1.0 in the larger studies. Possible sources of heterogeneity are ethnicity (the prevalence of the "at risk" allele, ethnic differences in roles of the polymorphism), study design, and so on. Another possible reason for heterogeneity is linkage disequilibrium, with additional allelic variants of this gene that modulate overall enzyme activity. Furthermore, it is possible that interaction with polymorphisms at other genes may be important. Heterogeneity can be taken into account by applying the random effects model, however. This discrepancy between Caucasian studies and Asian studies may only be due to a difference in sample sizes. Reasons for this difference in risk among different ethnic populations are as yet unknown but, if real, may be related to other genetic or environmental factors.
In contrast to the Lys751Gln polymorphism, the Asp312Asn polymorphism was not associated with an increased risk of lung cancer among Caucasians. Both Begg's and Egger's tests were statistically significant for publication bias in a subgroup analysis of Caucasians. Publication bias may be always a possible limitation of combining data from various sources as in a meta-analysis. The idea of adjusting the results of meta-analyses for publication bias and imputing "fictional" studies into a meta-analysis is controversial at the moment [73] . Although publication bias is always a possible limitation of combining data from various sources as in a meta-analysis, Sutton et al., concluded that publication or related biases did not affect the conclusions in most meta-analyses because missing studies changed the conclusions in less than 10% of meta-analyses [73] . Two meta-analyses have been published in 2004 [66] and 2005 [67] , respectively. Both of them are based on the same published data from 6 individual case-control (five Caucasian and one Asian) studies [54] [55] [56] [57] [58] 74] . The first meta-analysis showed that individuals with the Asn/Asn genotype were associated with an increased risk of lung cancer among Caucasians (OR = 1.22, 95% CI = 0.99-1.49). The second meta-analysis was somewhat different from the first one, because unadjusted ORs were summarized in the first one. A significantly increased risk of lung cancer associated with the Asn/Asn genotype of the ERCC2 Asp312Asn polymorphism in the United States was found (OR = 1.43, 95% CI = 1.11-1.83) [67] . The study of Zhou et al., [57] , which was based on a large sample size and observed the significant result (OR = 1.5, 95 % CI = 1.1-2.0), made a significant influence on the summary OR of the United States. In this study, a significant 8.26-fold (95% CI = 1.50-45.6) risk of developing lung cancer was observed among Asians. This finding was entirely due to the study of Liang et al. [58] . Although no clear association between ERCC2 Asp312Asn polymorphism and lung cancer can be found, the Asn allele of the ERCC2 Asp312Asn polymorphism has been reported to be associated with a higher DNA adduct level or lower DNA repair efficiency [56] . Therefore, it is plausible that the Asn allele is associated with an increased risk of lung cancer. The Lys751Gln polymorphism has been more studied than the Asp312Asn polymorphism because the frequency of the 751Gln allele is more prevalent than the 312Asn allele. Moreover, the Asp312Asn polymorphism is in linkage disequilibrium with the Lys751Gln polymorphism [54, 55, 58] . As absence of association with lung cancer risk and Asp312Asn polymorphism may be partly due to the low prevalence of the 312Asn allele (low statistical power), the finding on the ERCC2 Asp312Asn polymorphism should be interpreted with caution before being confirmed in future studies.
In contrast, we found a protective effect of the XPG G23A G/G genotype (OR = 0.76, 95% CI = 0.61-0.94) on lung cancer risk. The XPA G23A polymorphism itself may alter the transcription and/or translation of the gene. Because this polymorphism is located in the vicinity of the translation initiation codon, it may alter translation efficiency. The nearby proximal nucleotides to the AUG initiation codon are important for the initiation of translation because the 40S ribosomal subunit binds initially at the 5 -end of the mRNA [75] . The consensus sequence around the start codon is GCCRCCAUGG, which is known as the Kozak consensus sequence [76] . The R at position −3 and the G just downstream of the start codon are especially important, and the lack of these bases leads to read-through of the start codon [77] . However, there has been no precise explanation of the mechanism by which the recognition of the start codon is aided by a purine at position −3 [76] , which is the core nucleotide of the Kozak consensus. The polymorphism XPA G23A is a G/A transversion occurring four nucleotides upstream of the start codon of XPA and possibly improving the Kozak sequence [50] . The sequences (CCAGAGAUGG) around the predicted initiator methionine codon of the XPA gene agree with the Kozak's consensus sequence at positions −3 and +4 [78] . Although both the A and polymorphic variant G nucleotides at the −4 position of the XPA gene do not correspond to the original consensus Kozak sequence containing the nucleotide C at position −4, it is possible that a nucleotide substitution of A to G at position-4 preceding the AUG codon may affect ribosomal binding and thus alter the efficiency of XPA protein synthesis. To investigate whether the transition from G to A changes the translation efficiency, an in vitro transcription/translation analysis and a primer extension assay of the initiation complex will be necessary in the future. Furthermore, a functional association between the G23A polymorphism and DRC was reported [51] , which showed significantly higher repair efficiency in healthy subjects with at least one G allele. An alternative explanation could be that the protective XPA 23G allele is in linkage disequilibrium with an allele from an adjacent gene which is the true susceptibility gene. The XPA G23A polymorphism may be a promising SNP for lung cancer. It is thought that cigarette smoking modifies the association between DNA repair polymorphisms, as well as metabolic polymorphisms, and lung cancer risk. Since interactions between the XPA G23A polymorphism and smoking have not been fully elucidated, further studies are needed to better understand the associations between the XPA G23A polymorphism and lung cancer risk.
The Cys/Cys genotype of the OGG1 Ser326Cys polymorphism was significantly associated with lung cancer risk in all of the studies combined (OR = 1.22, 95% CI = 1.02-1.45) and was marginally associated with lung cancer risk in Asian populations (OR = 1.24, 95% CI = 1.00-1.55, P = .052). In the stratified analysis by histological type of lung cancer, a significant association was found for adenocarcinoma. In a narrative review, the Ser326Cys polymorphism has inconsistently been associated with risk of lung cancer [79] . There was an increased risk of lung cancer among subjects with the OGG1 326Cys/Cys genotype, which is consistent with experimental evidence that this isoform exhibits decreased the BER activity [80, 81] . The meta-analysis of Hung et al. showed that the summary OR was 1.37 (95% CI = 1.02-1.82) for the Cys/Cys genotype in various ethnic populations combined [82] . The metaanalysis of Li et al. showed that individuals carrying the Cys/Cys genotype did not have significantly increased risk of lung cancer in all populations combined but, in the stratified analysis by ethnicity, a significantly increased risk was found among Asians (OR = 1.18, 95% CI = 1.01-1.38) [83] . Ethnic difference in the association between lung cancer risk and the OGG1 Ser326Cys polymorphism was suggested. Large studies including different ethnic groups with a careful matching between cases and controls should be considered in future association studies to confirm results from the metaanalyses.
None of the XRCC1 polymorphisms was associated with an increased risk of lung cancer among both Caucasians and Asians. Our result for the XRCC1 Arg280His and Arg399Gln polymorphisms replicated the results of the meta-analysis by Hung et al. [82] . Results of previous studies that examined the association between the XRCC1 polymorphisms and lung cancer risk were inconsistent, possibly owing to the large random error in several small studies. This inconsistency might be due, in part, to differences in the prevalence of smokers. Lunn et al., [84] measured higher levels of aflatoxin B1 adducts in the XRCC1 Arg399Gln polymorphism and suggested that this might result in a deficient DRC. Two other XRCC1 polymorphisms, Arg194Trp and Arg280His, have been also determined and the functional effect of these polymorphisms is also unclear, even though some studies have revealed that amino acid changes at the evolutionary conserved regions can alter its function [85] . Although these polymorphisms result in amino acid substitutions, there is no direct evidence on its functional consequences. The XRCC1 Arg399Gln polymorphism has been associated with risk of breast cancer among African Americans, but not among Caucasians [86, 87] , indicating that the XRCC1 Arg399Gln polymorphism may be linked to another biologically effective mutation. Further investigations of the combined effects of polymorphisms within these DNA repair genes, smoking, and other risk factors may help to clarify the influence of genetic variation in the carcinogenic process.
Several DNA repair pathways are involved in the maintenance of genetic stability. The most versatile and important one is the NER pathway, which detects and removes bulky DNA adducts, including those induced by cigarette smoking [88] . However, there are several conflicting reports on the association between this polymorphism and lung cancer risk among various populations. Although the reasons for the inconsistencies in the studies are not clear, possible explanations are (1) low frequency of the "at-risk" genotype, which would reduce the statistical power of the studies and (2) small size of the studies. Ethnic differences in the roles of the polymorphism may be caused by gene-gene interactions, different linkages to the polymorphisms determining lung cancer risk, and different lifestyles.
The most important problems facing lung cancer research are identifying "at-risk" individuals and implementing clinical surveillance, prevention practices, and follow-up care. Repair pathways play an important role in lung cancer risk, and genetic variations may contribute to decreased DRC and lung cancer susceptibility. Although the increased/decreased risk associated with individual DNA repair SNPs may be small compared to that conferred by high-penetrance cancer genes, their public health implication may be large because of their high frequency in the general population. It is thus essential that epidemiological investigations of DNA repair polymorphisms are adequately designed. Unfortunately a fairly good number of studies are limited by their sample size and subsequently suffer from too low power to detect effects that may truly exist. Also, given the borderline significance of some associations and multiple comparisons that have been carried out, there is a possibility that one or more findings are false-positives [89] . Large and combined analyses may be preferred to minimize the likelihood of both false-positive and false-negative results. In addition, controls should be chosen in such a way that, if they were cases, they would be included in the case group; when controls are matched to cases, it is essential to account for matching in the analysis. When appropriate, confounding factors should be controlled for, with particular consideration of race and ethnicity. An additional major concern is the grouping of genotypes for calculation of ORs. Without functional data to dictate genotype groupings, it seems prudent to present two ORs per polymorphism (one for heterozygotes versus common-allele homozygotes and one for rare-allele homozygotes versus common-allele homozygotes) so that dominant, codominant, or recessive patterns may be elucidated.
Continued advances in SNP maps and in highthroughput genotyping methods will facilitate the analysis of multiple polymorphisms within genes and the analysis of multiple genes within pathways. The effects of polymorphisms are best represented by their haplotypes. Data from multiple polymorphisms within a gene can be combined to create haplotypes, the set of multiple alleles on a single chromosome. None of the studies reviewed here reported haplotype associations, although several studies analyzed multiple polymorphisms within a gene, sometimes with inconsistent results. The analysis of haplotypes can increase the power to detect disease associations because of higher heterozygosity and tighter linkage disequilibrium with disease-causing mutations. In addition, haplotype analysis offers the advantage of not assuming that any of the genotyped polymorphisms is functional; rather, it allows for the possibility of an ungenotyped functional variant to be in linkage disequilibrium with the genotyped polymorphisms [90] . An analysis of data from multiple genes within the same DNA-repair pathway (particularly those known to form complexes) can provide more comprehensive insight into the studied associations. Such an analysis may shed light on the complexities of the many pathways involved in DNA repair and lung cancer development, providing hypotheses for future functional studies. Because of concerns over inflated type I error rates in pathway-wide or genomewide association studies, methods of statistical analysis seeking to obviate this problem are under development [91] . The ability to include haplotype information and data from multiple genes, and to model their interactions, will provide more powerful and more comprehensive assessments of the DNA repair pathways.
This review, which is limited by the bias against publication of null findings, highlights the complexities inherent in epidemiological research and, particularly, in molecular epidemiological research. There is evidence that some polymorphisms in DNA repair genes play a role in carcinogenesis, most notably the ERCC2 Lys751Gln and XPA G23A polymorphisms. The variant allele of each of the three polymorphisms was associated with about a 30% decrease or increase in lung cancer risk. Although the summary risk for developing lung cancer in individuals of each genotype may not be large, lung cancer is such a common malignancy that even a small increase in risk can translate to a large number of excess lung cancer cases. Therefore, polymorphisms, even those not strongly associated with lung cancer, should be considered as potentially important public health issues. In addition, it is important to keep in mind that a susceptibility factor in one population may not be a factor in another. There are differences in the prevalence of DNA repair polymorphisms across populations. In a population where the prevalence of an "at-risk" genotype in a given polymorphism is very low, the "at-risk" allele or "at-risk" genotype may be too infrequent to assess its associated risk. At a population level, the attributable risk must be small simply because it is an infrequent allele. Finally, the major burden of lung cancer in the population probably results from the complex interaction between many genetic and environmental factors over time. Most environmental carcinogens first require metabolic activation by Phase I enzymes to their ultimate forms which then bind to DNA, forming aromatic-DNA adducts that are thought to be an early step in tumorigenesis. On the other hand, these activated forms are detoxified by Phase II enzymes. Thus, genetically determined susceptibility to lung cancer may depend on the metabolic balance among Phase I enzymes, Phase II enzymes, and DNA repair enzymes [92] . Further investigations of the combined effects of polymorphisms between DNA repair genes and drugmetabolizing genes may also help to clarify the influence of genetic variation in the carcinogenic process. Consortia and international collaborative studies, which may be a way to maximize study efficacy and overcome the limitations of individual studies, are needed to help further illuminate the complex landscape of lung cancer risk and genetic variations.
